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ABSTRACT
The purpose of this study is to evaluate a geotechnical 
method, ultrasound, to detect aggregate gradation 
differences in asphaltic concrete pavements. Empirical data 
had previously been used to suggest that the more course the 
gradation, the less incidence's of rutting. It is my thesis 
that the more coarse the gradation, the higher the velocity 
of a sound wave through the asphalt concrete. This being 
the case, the velocity measure can be used in a design or 
field quality control procedure as a correlation to a 
performance test to choose a coarse gradation that has 
non-rutting field performance properties. Tests were 
performed on actual production quality control samples of 
various gradation types to demonstrate that the ultrasound 
velocities detect gradation.
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CHAPTER 1 
INTRODUCTION
A. PURPOSE
Many hot mix asphaltic concrete pavements within Clark 
County, Nevada and throughout the country has experienced 
distress. This distress has been drastically reduced using a 
more coarse graded material. The coarse gradation is 
defined as a gradation plot of aggregate on a 0.45 power 
graph that lies below the maximum density line (figure 1). 
The maximum density line can be defined various ways as 
described in the Asphalt Institute’Manual MS-22.
Max Sieve Size
maximum densityO)
Q.
#200 sieve size
Figure 1 Typical Maximum Density line
However for this paper, it is defined as a line 
beginning from the maximum sieve plotted to the #200 sieve 
plotted point.
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Figure 2 0.45 Power Graph with Coarse Gradation
The standard coarse gradation (figure 2) has been 
successful, however the use of a particular curve, called 
"skip graded" [37] aids in the obtaining the maximum support 
with minimum cost when compared to stone mastic or open 
grade (figure 3).
The whole point of coarse gradations is in the 
reduction of rutting. For the purpose of this study, rutting 
is defined as permanent pavement deformation, with a 
measurable vertical depth of rut along with horizontal 
displacement.
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Figure 3 Typical Skip Gradation
The purpose of this investigation is to be able to use 
a relatively easy technique such as the ultrasound in the 
laboratory that will aid in demonstrating the gradation 
differences so as to develop, at a later date, a tie to a 
performance test. This will enable the designer to check a 
gradation with an ultrasound velocity that is known to 
deliver high performance.
B. BACKGROUND
In 1989, the construction of an arterial on Cheyenne 
Road in North Las Vegas was important in the Southern Nevada 
interest in coarse gradations. The performance of the
4pavement for this project is documented in an ASCE journal 
[37]. These and subsequent projects lead to the conclusion 
that the gradation curve is the key to resistance to
rutting. The particular curve that seemed to exhibit the
best field performance was the "skip grade" (figure 3). One 
of the main drawbacks in determining in a laboratory the 
durability of a type of gradation is that the test methods 
available are difficult and expensive. The Marshall
stability and flow tests do not address the specific
properties in question. In fact, a review of the thesis by 
Stegeman [36] demonstrates that a rutting paving had high 
stability as compared to a non-rutting arterial pavement. A 
method is needed to determine that the aggregate is in fact 
a rock-to-rock contact. One method is to use a maximum 
density curve for the mix design, that is, as done in 
geotechnical laboratories for using the proctor test (figure
4). Such a test would yield a curve that would flatten as 
the rocks stopped depressing under a load or blows.
Another method that is used in geotechnical studies is 
sound wave propagation through a sample. By the use of 
sound wave velocity, it is proposed that the more coarse the 
aggregates to each other, the higher the velocity (figure
5) . As this was a new method for asphalt and fairly simple 
to apply, its use was investigated for pavements.
i k
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Figure 4 Asphalt Maximum Density Curve
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Figure 5 Velocity Versus Percent Coarse
6C. Literature Review
The geotechnical community has known for some time that 
a cohesionless soil has optimum strength and shear 
characteristics when the gradation plots as a straight line 
on the Federal Highway Administration's 0.45 Power Gradation 
Chart [15] (Figure 6) . Similar aggregate gradations can be 
used to increase strength in asphalt pavements. However, 
voids of the mineral aggregate (VMA) must be present to
FEDERAL HIGHWAY ADMINISTRATION 0 .4 5  POWER GRADATION CHART
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Figure 6 FHWA .45 Power Gradation Chart [41]
provide volume for the asphalt cement binder and to allow a 
percentage of air voids in the final mix [14].
Skermer and Hillis [4] tested the effectiveness of 
cohesionless soil gradations in terms of high ultimate 
strength and high mobilized strength. They had shown that 
the optimum gradation for high strength was a uniform coarse 
gravel. For each sorted size of material, the optimum 
gradation for maximum density was found to plot as a 
straight line on the 0.45 power gradation chart [15]. The 
straight line is drawn from the origin to where 100% passes 
the maximum size of the material in the gradation.
Rutting is predominately concentrated at signalized 
intersections with heavy traffic volume. The stresses are 
transferred through the pavement matrix from larger 
aggregate, to bitumen mixed with fine grain material, back 
to a larger aggregate, and so on. When the temperature is 
high and heavy repetitive loads are applied, rutting can 
result. Reducing the fine-grain particles from the asphalt 
pavement will allow the load to be transferred directly to 
the aggregate resulting in a more stable structure. This 
can be accomplished by coarser graded aggregates where a 
rock-to-rock contact is made. The Void area is filled with 
fine grained materials, bitumen and air.
The increased rock-to-rock contact in coarser graded 
mixes can also be demonstrated by visual inspection of core 
samples taken from actual pavements. Figure 7 is a 
photograph of two such core samples. The core on the left 
exhibits a fine graded mix, while the core on the right is 
from a mix with coarser aggregate. The core on the right 
would have greater structural integrity and better shear 
transfer of vertical and horizontal loads than the left core 
due to large aggregate interfaces.
The literature has numerous studies that describe the 
effect of aggregate properties on HMA, especially filler 
and particle shape. Some studies also investigated the 
gradation, but often within a narrow range. While emphasis 
will be on gradation, it will not just emphasize the maximum 
size, but also point out the importance of the shape of the 
gradation curve. Following is a summary of the highlights 
of studies that are related to aggregate characteristics on 
the properties of HMA.
It is well known that over-sanded mixes (i.e., mix in 
which is the sand size gradation is over the maximum 
density line of the 0.45 power gradation plot) are tender 
and tend to rut. Sonderegger [1] showed that over-sanded 
gradation's are also very sensitive to the presence of
gradation curve related to the effect of aggregate 
characteristics on the properties of HMA.
Boutilier [2] used a particle index to characterize an 
aggregate that would estimate the rates of voids change in a 
uniformed sized aggregate resulting from the combined effect 
of the shape angularity and surfaces texture of the 
aggregate. The particle index had very significant effects 
upon Marshall properties of mixes. Lee [3] has discussed 
the variation of the aggregate gradation on properties of 
mixes while Huang [4] combines gradation effects and shape 
effects in his study by using a gradation index and a 
particle index. He found a large influence of gradation and 
shape of the aggregate on the properties of the mixes. They 
were evaluating the effect of aggregate changes in axial 
deflection in triaxial compression tests. In the discussion 
of the paper some concern was expressed by Tons [5] that the 
particle index should be partitioned into the effect of 
rugosity (surface texture), angularity and particle shape. 
Also in the discussion Huang [4] suggests that gradation 
should be further studied in order to get high stability 
mixes with sufficient VMA to allow sufficient asphalt 
binder. In a discussion of a paper by Khalifa and Herrin 
[6], Davis [7] emphasizes the effect of the relative size of 
the aggregate as compared to lift thickness on load bearing
10
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capacity. This discussion might be considered a forerunner 
to the now very popular stone mastic pavement such as those 
reported by Scherocman [8] index in assessing the 
performance of mixes.
Literature related to asphaltic concrete with coarse 
graded aggregates is limited. Although the use of large 
stones in pavement dates back to a patent issued in 1903, 
Prithvi [21] suggested that most paving companies in 1903 
began using small stone aggregates to avoid patent 
infringement, and this practice is still prevalent today.
The literature reviewed did not indicate a specific 
study relating rutting reduction to coarse aggregate 
gradations with a maximum of one inch diameter or optimum 
gradations for asphaltic concrete pavements, which could be 
readily adopted by standard specifications. Anderson, et al 
[25] published a case study about Kentucky's experience with 
a large stone aggregate (2" minus material) for heavy duty 
pavement. Their findings demonstrated the effectiveness of 
increased aggregate sizes on the reduction of rutting on 
heavy truck haul routes. The gradations in the Kentucky 
study were 70% and 80% passing the 3/4" and 1" sieves 
respectively, with a maximum 2" size stone. They reported 
that, in general, the amount of rutting experienced has been
reduced significantly or eliminated in many cases. McLeod 
and Stevenson [9] also discussed in detail the use of the 
particle index in assessing the performance of mixes.
Stephens and Sinha [10] presented data on the effect of
shape of the aggregate particles, and recommended blends of 
regular particles, flat particles and rod-like particles to 
achieve optimum strength. A very interesting concept was 
developed by Ishai and Tons [11] in which they were able to 
show that only about 2.5% asphalt is needed in a paving mix 
to hold the aggregate together. The remaining asphalt is 
either absorbed into the rock or immobilized in the rugosity 
of the aggregate. They developed a specific rugosity test to 
evaluate the irregularities of the aggregate, which strongly 
influenced mix properties. Again the aggregate properties 
contribute greatly to the performance of a mix. Kalcheff and 
Tunnicliff discuss the effect of crushing, aggregate size, 
and particle shape. They were emphasizing that asphalt 
usage can be reduced by increasing the size of crushed 
aggregate used in a mix. In the papers mentioned above, very 
little attention was paid to the shape of the gradation 
curve. It is interesting that in a fairly recent paper on 
rutting by Huber and Heiman [13], the mix that was causing 
the problem was over-sanded, but the effect of gradation was 
not considered. In the discussion, however, the effect of
gradation was broached. There are numerous other papers in
13
the literature, but there are not many that discuss the 
effect of the gradation. Anderson and Walker [14] described 
the experience that the State of Kentucky has had with large 
stone aggregate pavement mix which included mention of the 
fact that the shape of the gradation curve of some mixes 
prevented rock-to-rock contact. This reduced the benefit of 
the large aggregate particles. In a discussion of that 
paper, Davis [15] again describes the concept of "large" 
stone aggregate mixtures, in which "large" refers to the 
ratio of the maximum aggregate size to lift thickness.
In another paper, Davis [16] more fully develops his 
concept of large stone mixes. It is interesting that if 
the gradation is properly set, the air void content would 
not be of concern, as the asphalt film thickness will be 
relatively high. The State of Oregon has been using 
open-graded mixes very successfully [17] and has not had 
enough problems with them to define a minimum life 
expectancy. The paper referenced considered 1" overlays, 
however they have also had excellent success with thicker 
lifts of open-graded mixes.
Several researchers have investigated the merits of 
coarse-graded aggregates in pavement performance. Lee and 
Al-Dhalaan [18] discuss the successful elimination of
14
rutting in Saudi Arabia using coarse-graded aggregates. 
Sahu and Rao [19] suggest that asphaltic pavements 
constructed utilizing skip graded aggregates perform well 
and have better Marshall design properties than those 
constructed utilizing continuous graded aggregates. An 
important advantage of utilizing a skip-graded aggregate is 
that it allows for a more forgiving mix, i.e., Marshall 
properties will not vary much with a change in coarse or 
fine grading size or minor adjustments of the bitumen. This 
is due to the near consistency of the total surface area. 
This information confirms the field results with respect to 
normal operation variation of the gradation and bitumen did 
not impact the placement or performance. In open-graded 
mixes, a stone skeleton will form to support traffic loads. 
As the mix "opens" further, the total voids are increased, 
thus allowing for more air, binder, fines, or a combination 
of all. Thus, as the mix varies in aggregate size or binder 
content, the stone matrix remains intact and carries the 
loads. Krutz and Sabaaly [20] developed the Mohr failure 
envelope for four mixes with aggregate gradation shapes 
ranging from fine to coarse and several binder contents. It 
was found that the coarser the aggregate gradation, the 
less is the impact'-" of the binder on the Mohr failure 
properties. The data discussed in this paper describe the 
solution of problems, especially that of rutting, by the
15
simple act of placing prime importance to aggregate
gradation. It should also be noted that the strength 
properties, whether Hveem or Marshall, are quite insensitive 
to asphalt content if the shape of the gradation curve is 
selected such that the large aggregate particles carry the 
loads. Additionally, there is a wide tolerance of error in 
using such mixes, thus less pavement failure from
construction variability.
Prithvi [21] believed that rutting of asphalt pavement 
results primarily from high pressure truck tires and 
increased weight of the trucks. He suggested that design of 
hot mix asphalt, which served reasonably well in the past, 
needs to be re-examined in light of increased stresses from 
truck traffic. Various asphalt additives are being promoted 
to increase the stability of pavements subjected to high
surface temperatures (desert climates). He also contends 
that most asphalt technologists believe that fundamental 
changes in the aggregate component (size, shape, texture and 
gradation) of the pavement must be made before changing 
other components of the pavement (bitumen, additives). 
There is general agreement among experts that the use of 
larger size aggregates will minimize or eliminate the
rutting of asphalt pavements under heavy duty use. Although 
Prithvi's paper was written about modifying Marshall
procedures for testing of large stone mixes, he did not
address an optimum gradation nor the effectiveness of rut 
prevention.
Europe has been ahead of the United States in the
awareness of the benefits of larger aggregates in asphaltic 
concrete mixes. Peattie [22] described a paving operation in 
England and performance of a "grave-bitume", which is a 
crushed gravel mix with harder bitumen, increased fillers 
and less oil. Unfortunately, he did not list the gradations 
used in the mix. He stated "The exact proportion of crushed 
aggregate that should be used depends on the traffic
intensity, but it is always quite large." The aggregates had
an upper limit which ranged in size from 20 mm (3/4") to 
31.5 mm (1 1/4"). He concluded that the primary objective in 
developing "grave-bitume" was to produce a material that 
would have high resistance to permanent deformation under 
heavy traffic loading. This was achieved by using a 
bituminous mix with a strong aggregate skeleton, having a 
high filler content, and incorporating a harder bitumen. The 
article affirmed the benefits of a larger aggregate skeleton 
and lower oil content.
To date, no standard acceptable laboratory testing 
procedures have been developed to predict rutting potential.
17
However, Monismith and Tayebali [27] presented some 
interesting results using creep test methods modified from 
the Shell researchers. They concluded that it is premature 
to suggest that creep tests can develop a new design 
methodology for asphalt mixtures to mitigate the potential 
for rutting.
United States pavement specialists toured Europe as 
reported in the ENR NEWS [23] in August 1991. The NEWS 
reported that the mix capturing the most interest was a 
Stone Mastic Asphalt (SMA). SMA gain's strength over 
conventional asphalt by reducing the percentage of fine 
aggregates to provide more direct contact between coarse 
aggregates, adding fillers like cellulose fibers, increasing 
asphalt content, and by using higher quality bitumen with 
modifiers. Some SMA's incorporate larger aggregate size (2" 
minus) than the pavements presented in this study. Also, 
SMA costs are 50% higher than Coarse Graded Asphalt 
pavements (CGA).
In 1991 the Departments of Transportation for 
Wisconsin, Michigan, and Georgia set up tests of the SMA 
(from European asphalt pavements). Results from these tests 
have not been published, but the initial reaction to SMA is 
very positive. SMA is similar to CGA where the mixes being
18
tested have rock-to-rock contact of large aggregates. 
However, the SMA is gap or open graded, where CGA have 
well-graded aggregates. The voids of the mineral aggregate 
(VMA) in the CGA mixes are less than in SMA. The lower VMA 
and mineral filler (passing No. 200 sieve) used in the CGA 
allows for less asphalt content (4%) than the SMA mixes 
(1%). All CGA mixes have aggregates less than 1 inch
diameter, where some SMA mixes can have large stones (2 inch 
diameter).
To evaluate the effectiveness of a coarser graded
aggregate asphalt mix in mitigating rutting is very- 
difficult. One can take the approach of Brown and Cross [29] 
and look at several case studies over many years to 
categorize pavements. One could also test samples and
develop laboratory methods to evaluate corresponding 
analogies to pavement performance, or as in this study,
select a pavement project where the aggregate gradation was 
controlled to obtain the desired asphalt mix. This pavement 
could than be evaluated over several years and the results 
compared to similar projects.
There was not any ultrasound'literature’found for this 
particular application. However the general geotechnical 
use is similar. Ultrasound waves behave as light sound
.19
waves except they are in the frequency range above 20 kHz. 
The mechanical properties of a material influence the 
propagation of the waves thus the characteristics of the 
waves can be used for investigative purposes. Ultrasound 
requires an elastic medium such as a liquid or a solid to 
propagate the sound wave.
Certain factors such as frequency, transducers, and the 
material being tested must be taken into account when 
considering the ability of the ultrasound apparatus to 
detect a signal. The following factors should be considered 
while carrying out ultrasonic testing:
1) Properties of the sample
a) Condition and type of surface
b) Geometry
c) Porosity
d) Cementing material bonding the grains
e) Grain Density
2) Wave Propagation
a) Acoustic coupling between the probes and the
transducers
b) Different types of probes and transducers
c) Type of Equipment used
Various factors come into play when trying to develop a 
consistent reading. When the frequency is increased, the 
intensity of the ultrasound wave increases. This results in 
an increase in sensitivity but along with this it leads to 
higher absorption into the material. A transducer converts 
electrical energy into mechanical (sound) and visa versa. 
The surface of a transducer and its sensitivity are 
important in ultrasound investigations. A large surface 
means a decrease in the angle of divergence of the beam and 
the amount of energy arriving at the receiving transducer 
increases. The sensitivity of the transducer depends on its 
dimensions and the type of device used. Another area of 
concern is the air gap between the material and the 
transducer. Since the characteristic impedance of the solid 
material is much greater than that of air, almost all 
reflection occurs at the transducer-air boundary and the 
waves do not enter the material. Thus a liquid such as oil 
or water is used to bridge this gap.
From review of literature relating to rut reduction and 
ultrasound one can deduce the following:
♦ coarse aggregate mixes are relatively new to 
the United States
♦long term performance of SMA are not yet 
available
♦ that large stone aggregates in pavements are 
gaining acceptance in reducing pavement 
deformations
♦ tests have been recently begun by state 
transportation departments in which results 
have not been published
♦ Kentucky has satisfactorily used a large 
stone aggregate mix to obtain increased 
performance of asphalt pavements
♦ That little attention has been given (in the 
United States) to modify existing standards, 
practices and specifications to approve coarser 
aggregate gradations, which would take 
advantage of the increased strength and 
stability inherent in a coarse aggregate 
gradation mix.
♦ That standard geotechnical applications can 
be used on asphalt concrete media
♦ Care must be taken in the application of the
transducers to the surface to reduce air gaps
♦ Need to try different frequencies to see best 
display on the oscilloscope for measure
D. METHOD
What is desired is a new asphalt design mix that is 
based on a decreased amount of space between individual 
aggregate particles. Engineers, however, cannot measure the 
performance properties using current geotechnical tests. 
The new Superpave design system, Level I, does not use any 
performance based testing methods. This is reserved for 
Level II design that is currently under review [42].
Ultrasound geophysical applications include fracture 
analysis and moisture detection of consolidated media. It
is based on measuring the velocity of sound waves through
material samples; it is desired to use this in a broad 
application to be adapted to fit asphalt pavement samples.
The decrease in distance between aggregate particles 
should increase the overali density of the mix and the 
velocity at which a sound wave passes through it. By
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measuring these velocities in mix designs utilizing various 
gradations, a correlation factor can be obtained.
In explaining the ultrasonic testing process of asphalt 
concrete samples, the theory of ultrasound and the factors 
that affect it will first be described. The principle that 
the testing method is based on will be discussed followed by 
a detailed testing procedure. This step-by-step procedure 
also will include a list of the necessary equipment and 
figures illustrating the configuration of the different 
components. General guidelines will be set for quick 
analyses of the results so that an obvious mistake can be 
recognized immediately.
CHAPTER 2
METHODOLOGY
Sound waves above the frequency range of 20 kHz are 
known as ultrasonic sound. Since the mechanical properties 
of a material influence the effects of ultrasonic waves, 
the characteristics of ultrasonic waves can be used to 
determine material differences.
There are two propagation techniques that are widely 
practiced when using ultrasonic sound: the pulse-echo and
the through-transmission methods. Both are based on using 
transducers to transmit and receive the ultrasonic waves 
that propagate through the asphalt sample. In the pulse-echo 
method a transducer is mounted on one end of the sample and 
acts as a transmitter and receiver. A signal is then sent 
through the sample and the resulting reflections from the 
imperfections (such as grains and pores) are displayed on 
the screen of the oscilloscope. In this case of asphalt 
concrete there are too many imperfections that would result 
in erroneous, data thus the through transmission method was 
used. The through-transmission method uses two transducers, 
one mounted on each end. A signal is sent through the 
material from one end and received on the other. The 'wave 
time through the material is recorded and used to
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calculate the velocity given the material thickness. As the 
material density is increased, so is the velocity.
Testing Procedure
The following equipment was used:
► Digital/ analog oscilloscope
► High voltage pulser/receiver equipment 
(Panametrics model no. 5058)
► Standard 0.5 MHz contact transducers
► Petroleum jelly
► Soiltest CBR compression machine
► Polaroid high speed camera
► Five co-axial cables 6' in length
► Silicone
Figures 8, 9 and 10 show the typical setup for
measuring the wave time.
The basic apparatus includes two transducers that are 
attached to opposite ends of the specimen, a high voltage 
pulser/receiver and an oscilloscope. There is always an air- 
gap between the transducer and the surface of a specimen,
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even though the surface appears smooth. Almost total 
reflection occurs at this boundary that results in no 
penetration of the wave. Thus a liquid, in this case a
PULSER-RECEIVER
5058
+sync
T R R/Fout OUT
SAMPLE
OSCILLOSCOPE 
CH1 CH2
OR
SYNCl
J
Iransducei cable leads
sample
Figure 8 Oscilloscope and Pulsar Configuration
petroleum jelly, in conjunction with a silicone seal 
effectively reduces the reflection at the
transducer-specimen boundary.
To minimize the amount of reflected waves received by 
the transducers, each sample was prepared by placing a small 
amount of liquid silicone on each end. Using wax paper as a 
surface breaker, a flat heavy steel plug was used to flatten 
the silicone over the surface to fill the asphalt surface 
voids. Petroleum jelly was used at the surface as a 
final surface seal. The transducers are connected to the
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RECEIVING PULSER-RECEIVER
RECEIVER ON 
OSCILLOSCPETRANSDUCER AUXAMP 
IN OUT
connection for use of the amplifier
Figure 9 Detail of Amplifier Configuration
Figure 10 Lab Equipment Arrangement
high voltage transmitter/receiver by way of co-axial cables. 
It is then connected to the two receiving channels of the 
oscilloscope. Figures 8 and 9 show how each component of
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the apparatus should be connected. The high voltage 
pulser/receiver is designed for use in ultrasonic 
applications requiring high material penetration. This 
pulser/receiver can provide up to 900 volts in an 
impulse-type excitation, but will be set at 400 volts for 
present purposes. This particular model is also designed to 
trigger at frequencies in a pulse-repetition manner between 
20 Hz and 2 kHz.
Once the equipment is set-up, the sample is placed 
between the transducers; then another sample is set on the 
upper transducer to hold it in place. The digital/analog 
oscilloscope and pulser/receiver were set to the following 
settings:
PULSER-RECEIVER SETTINGS
Repetition 
Pulse height 
Damping 
Mode (though 
Attenuator 
Gain 
Vernier 
Phase 
Lo pass
2 kHz
500
500
transmission)
50 dB 
4 0 dB
Pushed (off) 
0
out
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Hi pass out
TEKTRONIX TPS 320 OSCILLOSCOPE SETTINGS
Channel 1 set at 5 volts; Channel 2 set at 5 
millivolt; screen set at 10 micro second per 
major division; Channel 1 set at 128 sample 
impulse average
PULSE
R E C E I V E R
Figure 11 Typical Oscilloscope Wave Configuration
Once the equipment has been set, the pulse sweep will 
appear (figure 11). The time it takes an ultrasonic wave to 
propagate through a test specimen can be read from the 
oscilloscope using the following steps:
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1. Combine the signals from channels 1 and 2 on the 
display screen by positioning them near each other (figure
11) .
2. Activate the time delay function for closer 
examination. Make sure that the area of inspection is in 
the middle of the display.
3. Adjust the time delay until the desired accuracy is 
reached (both #2 and #3 are set once then stored in the 
oscilloscope setup memory).
4 . Measure the distance between the first signal on 
channel 1 and the first signal on channel 2 using the 
display. The lines are incremented according to the time 
delay. Channel 1 displays the transmission pattern while 
channel 2 displays the reception. The difference is the 
transmission time. This particular oscilloscope has
vertical set lines and internally calculates the distance in 
microseconds and displays this reading on the upper right 
corner.
This is not the absolute time. To acquire the real 
time/velocity, the measurement must be made at the beginning
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Figure 12 Preferred Wave Form
of the pulse and the time in the cables, etc., must be 
considered. This additional measure is a constant thus for 
the purpose of this study, it will not affect the outcome of 
the results.
The trigger pulse vertical line remains constant while
the solid receiver line is move by the operator to the base
of the wave at the point the receiver detects the pulse. 
The accuracy in determining this point is ±2|i.v. The surface 
contact was important to obtain a good reading. If the
receiver wave was of a low amplitude, more petroleum jelly
was applied to obtain the higher amplitude (figure 12).
This procedure was new, thus the emphasis of this 
testing was to see if a trend existed that would suggest 
that gradation type could be determined.
Various gradations were needed and a good source was 
from the quality control lab of a local contractor, 
Industrial Construction, where an asphalt plant product was 
sampled and tested daily. A total of 78 prepared samples 
were offered for this test along with supporting gradation 
and other properties (i.e. bulk specific gravity's,
Deflection Gauge
Calibrated Spring 
■  Steel Bar
Perforated 
Disc & Stem
Specimen Height 
Measuring Device
Specimen.
Turntable
Figure 13 Sample Height Measuring Device (R-value expansion 
measure)
percentage air voids, etc.) for a good database. This data
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is presented in Appendix I. The samples ranged from 1/2" 
and 3/4" parking lot material to full 3/4" coarse-graded 
designs. These average gradations were plotted and given as 
a reference in appendix II. Variation from the original 
design gradation and asphalt content will be present in 
these specimens due to their being a plant manufactured mix 
not acquired under laboratory conditions.
The ultrasound wave passing through the sample is only 
a measure of time. The heights of the samples were measured 
using an R-value expansion device (figure 13) which made it 
easier and more accurate with the "Non-level" surfaces. 
Thus, raw velocities through the samples were obtained.
During one phase a 1000 LB load at 140" F was applied 
using a standard manually operated CBR compression machine 
(figure 14) to simulate a static traffic tire load of 90 
PSI. The temperature of 140° F was derived from the 
standard testing bath temperatures for both the Marshall and 
Hveem methods [35]. To establish consistent readings, the 
following procedure was incorporated:
A. Ambient measure
1) Place sample between the transducers
2) Record the oscilloscope reading
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3) Photo the oscilloscope reading
B. Unloaded 140" F measure
1) Place samples in the oven for at least 24 hours.
2) Remove sample and place between the transducers
3) Record oscilloscope reading and photograph
C. Ambient 2 Measure
1) Repeat it as "A"
2) Allow to cool at least 24 hours
D. 1000 LB load measure (figure 14)
1) Two men required, one to test, the other to 
document
2) Heat samples to 140" F for 48 hours
3) Remove sample then ultrasonic test and record
4) Place in CBR machine
5) Place a smooth transition metal plug on top of the
sample
6) Raise CBR piston to have metal plug meet the test
ring, apply 10 pounds of initial load.
7) Advise when ready then turn handle and count at a 
regular pace, about one turn per two seconds, until
1000 pounds is obtained. While this is occurring, time
is being recorded as the load is applied.
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Figure 14 CBR set-up with Sample
8) The 1000 pounds is maintained for one minute. The 
number of turns required to maintain this load is 
recorded.
9) Once the minute has ended, the load is released at 
approximately the same rate; the number of hand 
revolution and time are recorded.
10) The ultrasound is again read and any photos taken.
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Four photos were taken for each mix design set with the 
Tektronix C-5C Oscilloscope Camera:
1) one at room temperature
2) one at 14 0°F
3) another at room temperature after cool-down
4) one at 140° F after compression under 1000 LB's
These photographs are displayed in appendix III.
CHAPTER 3
SAMPLES
To detect sonic differences, samples of various 
gradation types were used. A total of 78 samples from the 
Industrial Construction, Inc., quality control laboratory 
were tested. This represents about nine months of sorting 
and accumulation in order to gather a variety of gradation 
types. Asphalt concrete samples (Marshall briquettes) from 
each day's production were measured for the following:
1) Bulk Specific Gravity
2) Maximum Theoretical Specific Gravity
During the day, cold feed samples were taken off the 
plant aggregate stream and measured for the following:
1) Gradation
2) Moisture content
From the above, calculations were performed to obtain 
the following:
1) Percent air voids
2) Percent passing each sieve size
The material types for the asphalt concrete mix designs 
may contain several source stockpiles (table 1) and each mix
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design will denote this as part of the information (table
3). The aggregate sources are as follows:
1) Vitreous Basalt from Bonanza Materials, Henderson
2) Limestone from Frehner Construction at the Sloan 
Pit near Jean.
3) Limestone from Nevada Sand and Gravel at Lone 
Mountain in Clark County (NW Las Vegas Valley)
4) Granite from Lopke Sand and Gravel in El Dorado 
Valley near Boulder City.
The aggregate specific gravity's range from 148 pcf to 
170 pcf representing Basalt and Limestone respectively. 
Listed in table 1 are the stockpiles of aggregates that were 
used for the mix design with their properties. The test 
properties were in compliance with both Clark County and 
Nevada Department of Transportation specifications as 
follow:
1) Sieve Analysis
2) Bulk Specific Gravity ASTM C127, C128
3) Bulk Specific Gravity- saturated surface dry ASTM 
C127, C128
4) Apparent specific Gravity, ASTM C127, C128
5) Absorption, ASTM C127, C128
6) Liquid limit ASTM D4318
7) Plasticity Index, ASTM D4318
8) Stripping Test ASTM D1664
9) Fractured Faces, NDOT T230
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10) Los Angeles Abrasion, ASTM C131
B) Asphalt Source
Bitumen contents differ and are reported in each mix 
design. The grades used are Conoco AC-20 and AC-30 and are 
designated in each mix design.
C) Mix designs
The mix designs were based upon the Marshall Method, 
both 50 and 75 blows, with one based on the Nevada Hveem. 
The mix designs are designated as shown in table 2.
Ta
bl
e 
1
Ag
gr
eg
at
e 
St
oc
kp
il
e 
Pr
op
er
ti
es
40
G
ra
ni
te
3/
4"
 
El
 
Do
ra
do
 
#1
7
10
0%
10
0%
10
0%
99
% dP
o\
CO 56
% dP
Vfcn 22
%
14
%
7%
4.
9%
2.
55
2.
59
2.
65
o
H
p<
%
Pi
Z
<
s
Z
<s
%
<s
Z
Gr
an
it
e 
3/
4"
 
El
 
Do
ra
do
 
#1
5
10
0% dPO
dp
H 17
%
2% 1%
, 
i
% 1% 1% 1%
dp
00
o 2.
55
2.
59
2.
65
1.
40 Pi
%
Pi
Z
Sa
t
i
s
f
.
10
0%
17
.0
%
Li
me
 
St
on
e 
Ma
nu
f 
Sa
nd
 
Sl
oa
n 
#1
4
10
0%
10
0%
10
0%
10
0%
94
%
65
%
45
%
34
% dpr*
CM 21
%
14
.7
%
2.
38
2.
45
2.
51
3.
80 P<%
Pi
Z N
/
A <
N
z N/
A
Li
m
e
 
St
on
e 
3/
8"
 
Lo
ne
 
Ht
n 
#
9
A
10
0%
10
0%
10
0%
10
0%
82
%
19
%
1 
4%
 
1
2% i% 1% 0.
9%
2.
77
2.
80
2.
83
0.
70 Pi
Z
Pi
Z
Sa
ti
sf
.
98
%
25
.9
%
Li
me
St
on
e
1/
2"
Sl
oa
n
#1
3A
10
0% oo
H 10
0%
76
%
12
%
3%
dP
CM 2% 2% 2% 1.
0%
oGO
CM 2.
81 CO
CM 0.
60 Pi%
Pi
Z
Sa
ti
sf
.
97
%
22
.5
%
Li
me
 
St
on
e 
1"
 
Sl
oa
n 
#1
1
10
0% dPr-
r» 24
%
8% 5%
dP
3% 2%
dP
CM 2% 1.
0%
OCD
CM
H00
CM 2.
84
0.
60 Pi
Z
Pi
Z
Sa
ti
sf
.
98
%
22
.5
%
B
a
s
a
l
t
 
Ma
nu
f 
S
an
d 
He
nd
er
so
n 
#6
H
10
0%
10
0%
10
0%
10
0%
98
%
62
%
1 
43
%
32
% dpcn
(M 16
%
10
.0
%
2.
40
2.
51
2.
69
4.
10 Pi
Z
Pi
Z
Y
/
N
N
/
A
N
/
A
B
as
al
t 
-#
4 
S
a
n
d
 
He
nd
er
so
n 
#4 10
0%
10
0%
10
0%
%00T 10
0%
88
%
61
% 
|
39
%
21
%
7% 1.
7%
2.
40
2.
47
2.
55
3.
30 Pi
Z
Pi
Z z
<
Z N
/
A
B
as
al
t
3/
8"
He
nd
er
so
n
#6
F
10
0%
10
0%
dp
oo
H 10
0%
47
%
10
%
| 
6% 5%
dP
2% 1.
8%
2.
43
2.
51
2.
62
3.
00 Pi
Z
Pi
Z
1 
Sa
ti
sf
. 
1 '
98
%
26
.2
%
Ba
s
a
l
t
 
1/
2"
 
He
nd
er
so
n 
#6
E 
or
 
#
6
A
10
0%
. 
10
0%
10
0%
64
%
3% 2% 2
% 2% 2% 2% 1.
3%
2.
43
2.
50
2.
61
2.
80 PiZ
Pi
z
01
•H
•U
rt
CO
93
%
23
.9
%
B
as
al
t
3/
4"
He
nd
er
so
n
#6
G dPO
O
H
cO
n
Ul 35
%
14
%
7% 5% 4% 3% 3% 3% 1.
8%
2.
43
2.
50
2.
61
2.
80
H
P Pi
Z
Sa
ti
sf
.
91
%
23
.9
%
Si
ev
e 
Si
ze
u
l
m
cm
"■-s.
H 3/
8" #4
8# 
||
VO
H
ocn
4fc #5
0
#1
00
#2
00 o0]
XH
§
QCO
CO
XH
3
0  
10
•Ps
M
rt
1
c
0
•H
4J
&
001a Liqu
id
 
Li
mi
t 
1
Pl
as
ti
ci
ty
St
ri
pp
in
g
T
es
t
Fr
ac
t
u
r
e
d
Fa
ce
s
Lo
s 
A
ng
el
es
 
A
b
r
.
4 1
Table 2
Mix Design Designation and Type
Design Specification Type
125BBS Clark County 1/2" 50 Blow Marshall
3-9-93 Clark County 1/2" 50 Blow Marshall
7-26-93 Clark County 1/2" 50 Blow Marshall
7-1-52 1/2" Private 1/2" 50 Blow Marshall
10-3-94 Nevada DOT 3/4" Hveem
C337SSLB Clark County 3/4" Coarse 75 Blow Marshall
7-1-52 3/4" Private 3/4" Fine 75 Blow Marshall
3-22-94 Clark County 3/4" Fine 75 Blow Marshall
F337SSLB Clark County 3/4" Fine 75 Blow Marshall
Table 3 lists the basic mix design properties of the
specimens.
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CHAPTER 4 
R E SU L T S
The data gathering consisted of both ambient and 140" F 
temperatures with and without load. Using the premise that 
the more aggregates that touch each other, the better the 
performance. The data suggests that the more coarse the 
gradation, the more contact the rock has to each other.
The photographs of each representative mix (appendix 
III) demonstrate the clarity of the wave form to more 
accurately measure. The amplitude had to be adjusted 
between the ambient and the hot sample. This did not affect 
the time measure, but aided in the location of the time 
distance (a sharp increase of the curve to the peak). These 
data were recorded in a table format along with all the 
sample properties (appendix I).
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CHAPTER 5
A N A L Y SIS
The specimen quality control data and the following 
velocities were input into a statistical software to 
determine correlation's:
1) Ambient temperature velocity
2) 140° F pre-load velocity
3) Second ambient temperature velocity after cooling
4) 140° F after load velocity
Various plots were chosen by using any correlation at 
0.60 or higher (table 4). Figure 14 demonstrates each mix 
design relative to each other un-loaded 140" F velocity.
From the data, the following observations are noted:
The percentage asphalt versus ambient velocity before 
applying the 1000 pounds of load (figure 16) gives a 
definite trend of increasing velocity with a decrease in 
asphalt content. This is to be expected since the liquid 
would decrease the velocity. Thus, the ambient velocity is 
a function of the inverse of the percent asphalt content.
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The figure does seem to curve which may be a result of 
insufficient data in the coarse range.The percentage asphalt 
versus the 140° F velocity after loading (figure 17) 
demonstrates that this higher temperature plotting has 
shifted left, slower, which is expected. As the asphalt 
increases in temperature and liquefies, the sound waves will 
require more time to pass. The apparent curve is still 
present. There appears to be a function of the inverse of 
the asphalt content.
|DEMONSTRATING GROUPING BY Mix|
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Figure 15 Uncompressed Velocity versus Mix Design
Table 4
Statistical Correlation's
1st
Ambient
Velocity
14 0 deg 
Velocity
2nd
Ambient
Velocity
140 deg
Compressed
Velocity
1st Ambient 
Velocity *  .  ' I
0.92 0.97 0.92
140 deg 
Velocity
0.92
:.■=.....
0.89 0.95
2nd Ambient 
Velocity
0.97 0.89
, .
0.89
140 deg
Compressed
Velocity
0.91 0.95 0. 89 *■ T 3 
Y
4 +•*«.« + 4
Deflect 
Ratio to 
Height
0.03 0 0.04 -0.18
Bitumen
Content
-0.76 -0.67 -0.82 -0.72
Ma x . 
Density
0.84 0. 64 0.9 0.7
Bulk
Density
0.85 0. 65 0. 87 0. 69
% Coarse -0. 05 -0. 06 -0. 06 0. 16
ft Fine 0.05 0. 06 0. 06 -0. 16
Effective
Asphalt
Content
0 0 -0.2 -0.06
ft VMA -0.01 0.01 -0.12 -0.04
ft Air Voids -0.37 -0.27 -0.23 -0.26
ft Voids 
filled with 
Asphalt
0.28 0.18 0.1 0.16
3/4" sieve -0.42 -0.62 -0.28 -0.64
1/2" sieve -0.37 -0. 61 -0.24 -0.62
3/8" sieve -0.37 -0.6 -0.28 -0.62
04 sieve -0.37 -0. 57 -0.24 -0.57
08 sieve 0.01 -0.23 0.24 -0.22
010 sieve -0.32 0.24 0.21 -0.28
016 sieve -0. 14 -0. 39 none -0.3
030 sieve -0.18 -0.4 none -0.36
04 0 sieve 0 0.36 0.34 -0. 13
050 sieve 0.14 ’ -0. 15 0.36 -0.07
0100 sieve 0.17 -0.15 none -0.04
J0200 sieve 0.16 -0.14 -31 -0.11
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Table 4 (continued)
Statistical Correlation's
1st
Ambient
Velocity
140 deg 
Velocity
2nd Ambient 
Velocity
140 deg 
Compressed 
Velocity
Surface Area 0 -0.19 none -0.24
% coarse 0.16 0.28 none 0.4
% fine -0.16 -0.28 none -0.4
Film Thickness -0.1 0 none -0.11
Revolutions to 
load
-0.11 -0.12 none -0.13
Revolutions 0 
1000 LB
-0. 19 -0.21 none -0.13
Revolutions to 
un-load
-0. 09 -0. 06 none -0.05
V E L O C I T Y  R E A D I N G S  A T  R O O M  T E M P  B E F O R E  L O A D I N G
!■ I
■
*■". m
1st A M B I E N T  velocity fl/eec
■  Asphalt Content
Figure 16 Percent Asphalt Vs Uncompressed Ambient Velocity
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V E L O C I T Y  R E A D I N G S  A T  1 4 0  D E G  
A F T E R  1 0 0 0  L B  L O A D
■
n ■ i
■
■■ m
C o m  pr e s s e d  velocity 140 d e g  It/sec
■  A sphalt Content
Figure 17 Percent Asphalt Vs Compressed 140 Degree Velocity
The percent passing the 3/8" Sieve versus the
uncompressed 140 degree velocity (figure 18) indicates a 
trend that the more coarse the gradation (less percent 
passing), the higher the velocity. Therefore, the 140 
degree uncompressed velocity is a function of the inverse of 
the 3/8" percent passing.
The percent passing the 3/8" Sieve versus the
compressed 140 degree velocity (figure 19) has shifted
slightly to the right which should be the case in that the 
mixes, under load, have become more dense. There still is a 
definite trend as with figure 18 with the same type of
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Wit*
a
■
.HM i r
U n c o m  p r e e e e d  velocity 1 4 0  F fl/sec
Figure 18 Percent Passing 3/8" Sieve Vs Uncompressed 140 
Degree Velocity
function that the compressed velocity is a function of the 
inverse of the percent passing the 3/8" sieve.
The maximum density of the 1/2" and 3/4" size designs 
versus the compressed 140 degree velocity indicate a 
definite direction (figures 20 and 21), i.e. the higher the 
density, the higher the velocity. The 1/2" mix designs used 
a 50 blow Marshall mix designs method, that is, when the 
samples are made, there are 50 drops of the hammer per side.
The Figure 21 ' represents the 3/4" mix designs which 
have 75 blows per side. Thus the uncompressed 140 degree 
velocity is a function of the maximum density.
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VELOCITY READING AT 140 DEG F 
U N D E R  L O A D  O F  100 0  LB
105%
100%
00% I
65%
70%
65%
60%
55%
C o m p re s s e d  v e lo c ity  140 deg (l/sec
Figure 19 Percent Passing 3/8" Vs Compressed 140 Degree
Velocity
The compressed velocity 0 140 degrees F versus
uncompressed Velocity 0 140 degrees F it is very clear from
figure 22 that the ultrasound method is very sensitive. The 
compression of the sample under 1000 pounds is very slight, 
however this plot demonstrates a drift above the 45° line; 
for example, if the velocities were the same, the points
would plot on the 45° line.
The previous plotted correlation's indicate that there 
is a potential velocity that can be calculated during a mix 
design. The trend appears to be that the more coarse the 
gradation, the higher the velocity. Thus, plotted on a 0.45
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Figure 20 1/2" Mix Designs Maximum E>ensity versus
Uncompressed 140 degree Velocity
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Figure 21 3/4" Mix Designs Maximum Density Versus
Uncompressed 140 degree Velocity
P L O T  S H O W IN G  D R IFT  O F  DATA A B O V E  4 5  D E G  LINE
17 00
16 00
15 00
14.00
.......
1300
1200
17 0014 00
Uncompressed velocity 140 F ft/sec
1500 16 00130012 00
■  mix
Figure 22 140 degree Compressed Vs Uncompressed Velocities
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Figure 23 1(4 and 3/8" Sieve Formula Results Vs Velocity
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(sieve_dia_45pwrN o  8%pass No g)0.6
:_dia_45pwrNo 4%pass N o  4)s ie v e
0.55
0.5
0.45
0.4
0.35
1st AMBIENT velocity ft/sec
Figure 24 #8 and #4 Sieve Formula Results Vs Velocity
power curve a desired "skip-grade", a formula should be able 
to predict the velocity. The formula calculations are 
listed in table 7.
Figure 23 uses a combination of the sieve opening size 
calculated to the 0.45 power and the percent passing the #4 
sieve and the 3/8" sieve:
Figure 23 "Y" Axis (.45 power #4 sicvc)x(% passing M  sieve) 
.(.45 power 3/8” sicvc)\(% passing 3/8” sieve)
(sieve_dia_45pwrpj0 3- sieve_dia_45pwrpj0 j^'|
( % p a s s N o 8 - % p a s s M o l 6 l
^  0.8
_1_____ 1_____ I_____ I_____ I_____ L_
Possible curve with 
more data
11 12 13 14 15 16
Uncompressed velocity 140 F ft/sec
17 18
Figure 25 #16 and #8 Sieve Formula Results Vs Velocity
Figures 24 and 25 are the same as Figure 23 except 
using the #4 and #8 sieves and #8 and #16 sieves 
respectively:
F i g u r e  24 "Y" A x i s  _ (-45 power#8 sicvc)x(% passing #8 sieve)
.(.45 power #4 sicvc)x(% passing #4 sieve)
Figure 25 "Y" Axis (.45 power #16 sicvc)x(% passing #16 sieve) 
.(.45 power #8 sicvc)x(% passing #8 sieve)
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Figure 26 #4 and 3/8" Sieve Formula Results Vs Velocity
0.04
s ie v e_ d ia  j^jq 4 -  s ie v e _ d ia  ^
0.03
u- 0 . 0 2
0 . 0 1
Uncompressed velocity 140 F ft/sec
Figure 27 #8 and #4 Sieve Formula Results Vs Velocity
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C C P W  3/4" C O A R S E  M ix D e s ig n  
Formula Test
100%
•9/4'•s/e"- 4/2'~#2Q 0-#50-“#9G- 
#100 4fMO* -90%
80%
70%
60%
50%
40%
30%
- # 1 ,0 0 —#4'0—
2 0 %
10% #4 3/8" 1/ 2 " 3/4‘
0.2 0.4 0.6
S ie v e  s iz e  to  th e  .45 Pow er
0 8
Figure 28 Formula Test Gradation
Figures 26 and 27 use the diameter size of the sieve 
without raising it to the 0.45 power and the percentage 
passing the sieve size to plot the relative slopes.
Figure 26 Y axis =
(3/8” sieve dia - #4 sieve dia)(%passing 3/8” - %passing #4)
Figure 27 Y axis =
(#4 sieve dia - #8 sieve dia)(%passing #4” - %passing 8)
All of these formula plots suggest that the above 
formulas approximate the velocity of a desired gradation. A
test gradation, the preferred "skip grade", was plotted. 
This will allow for a large retention on the 3/8" sieve. As 
can be seen from table 6, the results are consistent in the 
upper velocity range. This is quite good in that the 
velocity range is due to the sample variation that occurred 
from the hotmix from the asphalt production; thus, there is 
a possible built-in error due to the normal plant operation.
Table 5
Sample Gradation Properties
SIEVE OPENING
SIZE,
INCHES
OPENING 
SIZE, RAISED 
TO 0.4 5 
POWER
PROPOSED
PERCENT
PASSING
3/4 0.75 0.88 100.00%
1/2 0.5 0.73 90.00%
3/8 0.38 0.64 60.00%
#4 0.19 0.47 45.00%
#8 0.09 0.35 35.00%
#10 0.08 0.32 33.00%
#16 0.05 0.25 25.00%
#30 0.02 0.19 18.00%
#40 0.02 0.16 15.00%
#50 0.01 0.14 13.00%
#100 0.01 0.09 8.00%
#200 0 0.07 5.00%
Table 6
Sample Gradation Formula Results
Form ula R esu lt V elocity
R a n g e
Figure 23 0 .5 4 8 .1 9 5  to .21
Figure 2 4 0 .5 7 0 .1 9  to .1 9 5
Figure 25 0 .9 2 2 .185  t o . 195
Figure 2 6 0 .0 2 8 .1 7 5  t o . 195
Figure 2 7 0 .0 0 9 .1 9 5  to .21
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Field experience indicates that there is a ranking of 
performance by mix type of the Southern Nevada paving 
projects. The rank would be as follows with "A"
representing the best:
Table 8
Proposed Empirical Grouping
Rank Design Specification Type
J 125BBS Clark County 1/2" 50 Blow Marshall
G 3-9-93 Clark County 1/2" 50 Blow Marshall
F 7-26-93 Clark County 1/2" 50 Blow Marshall
H 7-1-52
1/2"
Private 1/2" 50 Blow Marshall
B 10-3-94 Nevada DOT 3/4" Hveem
A C337SSLB Clark County 3/4" Coarse 75 Blow 
Marshall
E 7-1-52
3/4"
Private 3/4" Fine 75 Blow 
Marshall
D 3-22-94 Clark County 3/4" Fine 75 Blow 
Marshall
C F337SSLB Clark County 3/4" Fine 75 Blow 
Marshall
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Comparing the above ranking with the average mix design 
velocity yielded nearly the same ranking as follows:
Table 9
Grouping by Velocity
Mix Avg. 
Velocity 
0 140 
before 
load
Ranking
125BBS 0.14 E
3/9 0.16 D
7/26 0.14 F
7-1-52B 1/2
i—io E
10/3 0.17 B
3/22 0.15 E
F337SSLB 0.16 C
C337SSLB 0.18 A
7-1-52 3/4 0.14 E
The tables 8 and 9 are close on the coarse graded 
mixes, which intuitively one would think would be the trend.
CHAPTER 6
CONCLUSION
The objective of this thesis was to determine if the 
ultrasound method could discern differences in asphalt 
concrete mix design aggregate gradations.
The data suggest that the sonic velocity method can be 
used as a tool in order to identify a gradation. This 
thesis has laid the foundation for future study in 
correlating to performance testing of coarse graded 
aggregates. Some of the observations were as follows:
1) The more coarse (less percent passing) the 3/8" 
sieve size, the higher the velocity (in feet per 
second).
2) The less asphalt in a mix, the higher the velocity.
3) The higher the density, the higher the velocity.
4) Sonic velocity measure is sensitive enough to 
discern a pre-load velocity to an after loaded 
velocity.
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5) A relationship between the ultrasound velocity and 
the inverse of percent asphalt, pavement maximum 
density and the inverse of the percent passing the 3/8" 
sieve:
Velocity = max den,,,., ' . )v %  oil ’ ’ %  3/8 size 7
6) Formulas could be developed to predict a velocity 
given the gradation criteria.
7) More controlled testing is required to further 
define the velocities of the more coarse gradations. 
Some of the plots indicate non-linear relationships.
This thesis only touched the surface of the use of 
ultrasound in asphalt concrete testing. Future work could 
include the following:
1) Research into controlled coarse gradations such as 
the "skip" (S-curve)
2) Test the various gradations with the rutting tire 
track method to check for performance.
3) Use the new SUPERPAVE gyratory compaction and method 
[42] then use their level II performance tests to 
correlate back to the rut tests and velocities.
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APPENDIX I
SPECIMEN DATA TABLES
These data tables contain all the Quality Control test 
data for each specimen including the hotplant production 
cold feed bin ratios and gradations. These data were used 
to calculate the various properties of the produced mix such 
as actual percentage voids in the mix that are included in 
these tables.
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APPENDIX II
MIX DESIGN GRADATION CURVES
The following figures represent the average gradation 
curve for each mix design that is designated in the thesis.
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Figure 29- Mix Design #125BBS Gradation Curve Clark County 
1/2" (Type 3)
CCPW 1/2" Mix Design
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Figure 30- Mix Design #7/26 Gradation Curve Clark County 
1/2" (Type 3)
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Figure 31- Mix Design #3/9 Gradation Curve Clark County 1/2" 
(Type 3)
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Figure 32- Mix Design #7-l-52A 1/2" Gradation Curve
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Figure 33- Mix Design #10/3 Gradation Curve Clark County 
3/4" fine (type 2F)
CCPW 3/4" FINE Mix Design
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Figure 34- Mix Design #3/22 Gradation Curve Clark County 
3/4" fine (type 2F)
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Figure 35- Mix Design #F337SSLB Gradation Curve Clark County 
3/4" fine (type 2F)
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Figure 36- Mix Design #7-1-52 3/4" Gradation Curve
10 0
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Figure 37- Mix Design #C337SSLB Gradation Curve Clark County 
3/4" fine (type 2C)
APPENDIX III
WAVE FORM PHOTOGRAPHS
The following are photographs of the wave form pattern 
exhibited on the oscilliscope screen. Only one photo was 
acquired per mix design. The four phots per mix design 
represent the following:
1) Wave pattern at beginning (first) ambient
temperature
2) Wave pattern at uncompressed 14 0° F
temperature
3) Wave pattern at second ambient temperature
4) Wave pattern at 140° F after 1000 pounds of
compression.
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Figure 38 -Mix Design 125BBS Beginning (First) Ambient 
Temperature
Figure 39 -Mix Design 125BBS at 140° F Uncompressed
Temperature
Figure 40 -Mix Design 125BBS at Second Ambient Temperature
Figure 41 -Mix Design 125BBS 140° F Compressed Temper
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Figure 42 -Mix Design 7/26 Beginning (First) Ambient 
Temperature
Figure 43 -Mix Design 7/26 at 140° F Uncompressed
Temperature
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Figure 44 -Mix Design 7/26 at Second Ambient Temperature
Figure 45 -Mix Design 7/26 140° F Compressed Temperature
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Figure 46 -Mix Design 3/9 Beginning (First) Ambient 
Temperature
Figure 47 -Mix Design 3/9 at 140° F Uncompressed Temperature
Figure 48 -Mix Design 3/9 at Second Ambient Temperature
Figure 49 -Mix Design 3/9 140° F Compressed Temperature
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No photograph
Figure 50 -Mix Design 7-1-52A 1/2" Beginning (First) Ambient 
Temperature
Figure 51 -Mix Design 7-1-52A 1/2" at 140° F Uncompressed
Temperature
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Figure 52 -Mix Design 7-1-52A 1/2" at Second Ambient
Temperature
Figure 53 -Mix Design 7-1-52A 1/2" 140° F Compressed
Temperature
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Figure 54 -Mix Design 10/3 Beginning (First) Ambient 
Temperature
Figure 55 -Mix Design 10/3 at 140° F Uncompressed
Temperature'
Figure 56 -Mix Design 10/3 at Second Ambient Temperature
k dun: SMS/s Average
Figure 57 -Mix Design 10/3 140° F Compressed Temperature
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Figure 58 -Mix Design 3/22 Beginning (First) Ambient 
Temperature
Figure 59 -Mix Design 3/22 at 140° F Uncompressed
Temperature
Figure 60 -Mix Design 3/22 at Second Ambient Temperature
Figure 61 -Mix Design 3/22 140° F Compressed Temperature
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Figure 62 -Mix Design F337SSLB Beginning (First) Ambient 
Temperature
Figure 63 -Mix Design F337SSLB at 140° F Uncompressed
Temperature
Figure 64 -Mix Design F337SSLB at Second Ambient Temperature
oMS/s
Figure 65 -Mix Design F337SSLB 140° F Compressed Temperature
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Figure 66 -Mix Design C337SSLB Beginning (First) Ambient 
Temperature
Figure 67 -Mix Design C337SSLB at 140° F Uncompressed 
Temperature
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Figure 68 Mix Design C337SSLB at Second Ambient Temperature
Figure 69 -Mix Design C337SSLB 140° F Compressed Temperature
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Figure 70 -Mix Design C337SSLB Beginning (First) Ambient 
Temperature
Figure 71 -Mix. Design C337SSLB at 140° F Uncompressed 
Temperature
Figure 72 -Mix Design C337SSLB at Second Ambient Temperature
r»:K dun “MS/'s .Av»»t.u|o
Figure 73 -Mix Design C337SSLB 14 0° F Compressed Temperature
